Pyrolysis of biomass or coal, if operated at temperature high enough to complete tar evolution, is expected to give resulting char a tar-free nature. Use of such tar-free char instead of the original fuel in gasification would reduce or even completely eliminate the need for use of complex devices/mechanisms for tar/soot removal. Increasing pyrolysis temperature may not only decrease content of residual tar in the char, but also reduce its reactivity in the gasification. There is thus a range of optimum pyrolysis temperatures depending on the original fuel and type/mode of gasification, which yields char of suitable quality. In this work, a variety of char samples were prepared by pyrolysis (first pyrolysis) of three different woody biomass feedstock and a Victorian lignite with heating rate and peak temperature of 10 °C/min and 450-750 °C, respectively, and were further subjected to flash pyrolysis (second pyrolysis) at 920 °C. A gas-chromatography mass-spectrometry (GC/MS) detected more than 200 compounds in the volatile products from the second pyrolysis, and quantified 58 aromatic compounds over a range from benzene to coronene, which accounted for more than 85% of the compounds detected based on peak area on the total ion chromatogram. Total emission of tar, defined as the aromatics except mono-aromatic hydrocarbons, from the biomass chars was 0.03-0.08 wt%-char even at the first pyrolysis temperature of 450 °C, and further decreased to a level around 0.01 wt% by raising the temperature to 600 °C. It was also found that despite containing as much as 20-27 wt% of residual volatile matter, chars produced by pyrolysis at 500 °C contained less than 0.1 wt% of residual tar.
INTRODUCTION
Char from the pyrolysis of biomass, which is often termed biochar, is a solid fuel with higher calorific value and grindability than the original one 1 , an adsorbent with high adsorption ability, a reducing agent for metallurgy or foundry, or a carbon-rich agricultural material for improving quality of soil and carbon sequestration. [2] [3] [4] Biochar is a solid byproduct from biomass pyrolysis with a main purpose to produce bio-oil, and therefore, its effective utilization enhances the feasibility of the pyrolysis. The biochar is often more important in terms of chemical energy than the bio-oil when the pyrolysis is designed to increase or maximize the biochar yield. 5,6 .
This work is focused on production of biochar with a tar-free (smokeless) nature by pyrolyzing biomass until complete evolution of tar and tar precursors (bio-oil) evolution. There have been a number of studies on biomass gasification for syngas production and power generation, and removal of tar has been identified as a most important challenge to successful implementation of this technology. 7,8 A lot of research and development has been focused on elimination of tar inside the gasifier employing non-catalytic reforming at elevated temperature 9 or catalytic reforming at lower temperature. [10] [11] [12] However, despite considerable progress achieved, tar-related problems such as substantial loss of chemical energy, incomplete tar removal and catalyst deactivation still remain a challenge to technical/economic feasibility of biomass gasification.
Gasification of "tar-free" biochar instead of parent biomass will enable production of clean gas without any processes for tar elimination, which would provide significant benefits over existing solutions. An advanced integrated gasification fuel cell (IGFC) system has recently been proposed with a theoretical electrical efficiency of 89%, utilizing a steam turbine but without a gas turbine. 13 In this IGFC, heat generated by the solid oxide fuel cells (SOFCs) is directly transferred to drive steam gasification of a solid fuel in a fluidized bed and is recuperated into chemical energy of H 2 as the fuel for the SOFCs.
The fluidized bed gasification will be operated at temperature well below 900 °C to achieve high thermodynamic efficiency, but at the same time needed to be able to produce clean gas suitable for the SOFCs with minimized purification of the fuel gas. Use of tar-free biochar, in particular, that from woody biomass with low contents of ash and trace elements, is a most reasonable option for tar-free steam gasification of biomass. Victorian lignite has properties similar to those of biomass such as high oxygen content and low ash content. 14 The lignite char can potentially be an excellent fuel for the steam gasification. It is reported that the steam gasification of lignite char is greatly inhibited by the presence of pyrolysis-derived volatiles that are formed by the pyrolysis simultaneously with the char, in particular, tar and hydrocarbon gases, as well as H 2 . 14 Elimination of these species prior to the char gasification thus has an advantage over the gasification of the parent fuel. Although not reported so far, such inhibition of the char gasification, would also occur in the biomass gasification.
In addition, due to gasification temperature required in an IGFC, as low as 800 °C or even lower, it is necessary to ensure high reactivity of the tar-free biochar in the gasification. During the gasification of biochar, syngas is formed by not only the steam gasification of the char but also its thermal cracking. 15, 16 Light gases such as H 2 , CO, CO 2 and CH 4 from the thermal cracking contribute to a portion of the syngas. More importantly, simultaneous progress of the thermal cracking and steam gasification, which is possible under rapid heating of the char, formation of active sites by the thermal cracking greatly contributes to enhancement of the gasification. 15, 16 The extent of such thermal cracking is a function of temperature for char preparation. In other words, lower pyrolysis temperature is preferred to preserve more precursors of light gases. Pyrolyzing the biomass at temperature higher than that for the gasification is an idea to completely avoid the tar emission during the gasification, but it may lose the reactivity of resulting biochar toward the thermal cracking and also toward the steam gasification. Biochar could also be applied to advanced power generation systems with direct carbon fuel cells (DCFCs) . 17, 18 For biochar to be suitable for use in DCFC power generation, it needs to have a sufficiently high reactivity with molten carbonate or metal oxide as well as properties such as minimized contents of impurities. Therefore, there seems to be an optimum range of pyrolysis temperatures suitable for production of tar-free, yet sufficiently reactive biochar.
The range of acceptable tar concentration in the syngas or fuel gas depends on its end use, such as power generator or chemical process. When the gasification of biomass with air/steam or oxygen/steam is combined with power generation with internal combustion engines, it is normally recommended that the tar concentration in the fuel gas is lower than 10 2 mg Nm -3 on a dry basis, 7 and this corresponds to a tar yield of around 10 -2 wt%-dry-biomass. In the case of fuel cells, upper limit of the tar concentration is even lower. 7 The residual tar content in biochar, if it is to be gasified without the need for either an in-reactor or downstream tar elimination, hence needs to be below the above-mentioned level.
It is believed for biomass pyrolysis that the tar evolution is fully or nearly completed at 500-600 °C. 19 It is, however, difficult or impossible to guarantee tar-free nature of a biochar even if it has been produced by pyrolysis at such temperature. Moreover, there has been no scientific definition of degree of tar-freeness. Very recently, solvent-extractable material in biochar was investigated, and polyaromatic hydrocarbons (PAHs) were quantified. 20,21 However, the amount and composition of such PAHs are not necessarily direct measures for tar release from the biochar at elevated temperature. This paper proposes a way to quantify emission of aromatic compounds from char upon heating to temperature relevant to gasification, even when their total emission is as low as 10 -4 wt%, and reports characteristics of emission of aromatic compounds during heating of char, prepared by pyrolysis of different types of woody biomass and a Victorian lignite at 450-750 °C.
EXPERIMENTAL
2.1. Material. Pine (cryptomeria japonica), cedar (cryptomeria japonica) and mallee (eucalyptus) and a Victorian lignite (Loy Yang) were employed as the starting samples. Their particle sizes were in a range from 125 to 500 µm. These samples were dried prior to use by heating in atmospheric flow of nitrogen at 110 °C for 1 h. Aromatic compounds of reagent grades were purchased and used as the standard compounds for quantitative pyrolysis-gas chromatography/mass spectrometry (Pyrolysis-GC/MS).
Pyrolysis for Char Preparation.
The starting biomass and lignite samples were subjected to slow pyrolysis in a horizontal reactor that was made of a transparent quartz tube with inner diameter of 25 mm. This pyrolysis is hereafter referred to as the first pyrolysis. A thin bed of a 0.1 g of the sample was placed in a quartz boat, which was then inserted into the reactor. The sample was heated to a prescribed peak temperature (T py,1 = 450, 500, 550, 600, 650, 700 or 750 °C) at a heating rate of 10 °C/min, and immediately after reaching the desired temperature, cooled to ambient temperature at an initial rate of 50-100 °C/min. An atmospheric and continuous flow of nitrogen (purity > 99.99995 vol%) was used through the heating/cooling period to avoid diffusion of volatiles back to the pyrolyzing solid. A condensation train of an aerosol filter, a condenser (at -70 °C) and a gasbag was installed in the reactor downstream. Non-condensable gases (H 2 , CO, CO 2 , CH 4 , C 2 H 4 and C 2 H 6 ) were quantified by gas chromatography. A gas chromatograph (GC) equipped with a thermal conductivity detector (Shimadzu, GC-8A) was employed for the gas analysis. The char prepared by the first pyrolysis with peak temperature of T py,1 °C will be denoted by char-1-T py,1 , or otherwise, just by char-1 if no need of specifying T py,1 . The elemental compositions of the char-1 samples are presented in Table 1 as their elemental compositions together with those of the parent feedstock. For the pyrolysis with T py,1 of 600 °C, the yield of water, which was collected in the condenser, was measured by Karl Fischer Titrimetry.
Pyrolysis-GC of Char from First Pyrolysis.
Pyrolysis-GC of the char-1 samples was carried out with a commercially available pyrolyzer (Japan Analytical Industry Co., Ltd., Curie-Point Pyrolyzer, JHP-22), which was connected to the same GC as used for analyzing gases from the first pyrolysis.
About 1 mg of the dried char-1 was wrapped with a ferromagnetic foil (Japan Analytical Industry Co., Ltd., F920) of that Curie-point temperature was 920 °C, and charged into a quartz tube reactor, which was then placed in the pyrolyzer. The char-1 was heated inductively up to the Curie-point temperature of the foil, i.e., 920 °C, at a heating rate of around 3000 °C/s (guaranteed by constructor), and held for 10 s at the temperature. Selective heating of the ferromagnetic foil and solid sample was a particular feature of the Curie-point pyrolyzer, which enabled to minimize the gas-phase reactions of the volatiles. During the heating, there was continuous flow of helium or nitrogen through the quartz tube so that the entire portion of the gaseous products were sent to the GC and injected into the analytical column. The pyrolysis of char-1 in this way and the produced char will be referred to as the second pyrolysis and char-2, respectively. Light gases such as H 2 , CO, CO 2 , H 2 O, CH 4 , C 2 H 4 , and C 2 H 6 , and water vapor were detected and quantified. The nitrogen and helium carriers were employed for analyzing H 2 and the other gases and water vapor, respectively. More details of the pyrolysis-GC were reported elsewhere. 22 2.4. Pyrolysis-GC/MS of Char from First Pyrolysis. The second pyrolysis with the same peak temperature and holding time as mentioned above was performed with another portable pyrolyzer (Japan Analytical Industry Co., Ltd., Curie-Point Injector JCI-22). The pyrolyzer was connected to a Perkin-Elmer Clarus 600C gas chromatography/mass-spectrometry (GC/MS). The GC was equipped with a capillary column; a TC-1701 (GL Science Inc., 60 m, 0.25 mm inner diameter, and 0.25 µm film thickness) or an InertCap ® 1 (GL Science Inc., 60 m, 0.25 mm inner diameter, and 0.25 µm film thickness). The mass spectrometer was configured for electron impact ionization at 70 eV. The interface and source temperatures were both 250 °C. The pyrolysis-derived volatiles were directly injected into the GC/MS through its injector at 345 °C together with helium (purity > 99.9999 vol%) on a splitless mode or with a split ratio of 5 or 18. The capillary column was heated according to the following temperature program: holding at 40 °C for 5 min, heating to 250 °C at 4 °C/min, holding at 250 °C for 20 min (in case of TC-1701) or holding at 40 °C for 5 min, heating to 325 °C at 4 °C/min, holding at 325 °C for 20 min (InertCap ® 1). Chromatograms were recorded on a full scan mode (m/z range of 50-350) and a selected ion recording (SIR) mode simultaneously. The former mode was mainly for identification of volatile compounds, while the latter for quantification of selected compounds.
Among the volatile products detected by the GC/MS, 58 aromatic compounds were quantified. Table 2 lists the compounds that were detected by the GC/MS for the pyrolysis of the char-1-450 and char-1-600 from the pine. This table also indicates the quantified compounds except 1-naphthol and 1,2-benzenediol (catechol), which were not confirmed in total ion chromatograms in a full scan mode but detected/quantified in an SIR mode. As seen in the table, the total numbers of the detected compounds were 178 and 93 for the pyrolysis of char-1-450 and char-1-600, respectively. Regardless of the combination of the starting sample and T py,1 , the number of quantified compounds, 58, was smaller than that of the detected compounds, which was often more than 100. Table 2 also reports peak areas of the individual compounds (after normalization by the area of peak assigned to benzene), which were determined from total ion chromatograms, showing that the total peak area of the quantified compounds accounts for around 90% or even more of that of the detected compounds. It was thus believed that the quantified 58 compounds accounted for a major portion of the aromatic compounds released from the char-1. Such sufficiently large peak-area-based fraction of the detected compounds was confirmed for the pyrolysis of the other char-1 samples. Non-aromatic C 4 -C 6 compounds, methylfurans and cyclopentadienes were also detected, and are listed in Table 3 . These compounds were not regarded as components of tar, and therefore not quantified. The total peak area of the compounds given in Table 3 was 5-6% of that given in Table 2 .
Quantification of the 58 aromatic compounds was based on not a total ion chromatogram but chromatograms specific to their molecular masses (exactly saying, masses of parent ions), which were obtained in the SIR mode. Figure 1 shows examples of chromatograms specific to m/z = 300, which was recorded for quantification of coronene, compounds with the largest molecular mass among those detected. Its average yield was as low as 8·10 -8 wt% (amount; 0.8 pg) of the char-1-550 from the lignite, but was reproducible as seen in the figure. Yields of the individual compounds were determined by averaging those from independent 2-5 pyrolysis-GC/MS runs. Table 4 presents reproducibility of the yields for 9 aromatic compounds from the second pyrolysis, as examples. For every set of the char sample and quantified compounds, the minimum and maximum yields among those taken in determining the average yield are compared in the table. Thus, a value close to unity means better reproducibility. The ratios are in a range of 0.5-1.0, but mainly in that of 0.7-1.0. The results showed that reproducibility for compounds with higher yields was better than for those with lower yields. 2.5. Definition of Tar. In the present paper, tar is defined as the quantified aromatic compounds except for mono-aromatic hydrocarbons (i.e., benzene, toluene, xylenes, ethylbenzene and styrene = BTXES). None of the C 4 -C 6 compounds listed in Table 3 were involved in the tar, as stated earlier.
RESULTS AND DISCUSSION
3.1. General Characteristics of First and Second Pyrolysis. Figure 2 shows the effects of T py,1 on the yields of char-1 and liquid that consisted of the condensable organic matter and water. The individual char-1 yields decrease gradually with T py,1 . This trend common among the four different fuels suggests that T py,1 higher than 450 °C or 500 °C is high enough to complete evolution of the major portion of tar from the pyrolyzing biomass and lignite, respectively. In fact, the liquid yields seem to approach maximum yields. The yields of water for the pyrolysis of the cedar, mallee, pine and lignite at T py,1 = 600 °C were 18-23, 18-23, 15-19 and 10-14 wt%-dry, respectively. Assuming that mean yield of organic liquid can be calculated by subtracting the total liquid yield by the water yield, the mean organic liquid yields were 43, 37, 46 and 13 wt% for the cedar, mallee, pine and lignite, respectively. Figure 3 shows a result from the second pyrolysis of char-1. In this figure, the total yield of non-condensable gas and water is compared with the total volatile matter yield, which was determined from the difference in the mass between the char-1 and char-2. It is seen that these yields are in good agreement with each other within a certain degree of error for the individual combinations of T py,1 and starting fuel. This result means that the emission of tar from char-1, if any, was insignificant, and it is also consistent with the results shown in Figure 2 .
The flash pyrolysis was also performed for the starting fuel at 920 °C, although results are not shown in this paper. A major part of tar was condensed on the inner wall of the quartz reactor tube as brown colored solid/liquid material. On the other hand, in the case of pyrolysis of the char-1 samples, no condensation of such matter was detected. Figure 3 also demonstrates that the total volatile matter yield ranged from 10 wt% (lignite char-1-650) to 32 wt% (mallee char-1-450), and many of the char-1 samples evolved more than 20 wt% of volatiles. Thus, the char-1 samples contained substantial amounts of volatiles but very little tar.
The effect of T py,1 on the net yield of char-2, i.e., its yield on the basis of mass of the starting fuel, is shown in Figure 4 . T py,1 hardly influenced the net char yield. The net char-2 yield was thus determined by the temperature for the second pyrolysis within the range of T py,1 examined in the present study. It was suggested that the char-2 samples for different T py,1 had nearly the same or very similar properties.
The effect of T py,1 on the evolution of light gases during the second pyrolysis was investigated. Figure 5 plots the yields of the individual gaseous products from the second pyrolysis against T py,1 . There are trends common among the char-1 samples from different starting fuels. The yields of CO, CO 2 , H 2 O and C 1 -C 2 hydrocarbons decrease with T py,1 . These trends are explained well by that oxygen-containing functional groups and aliphatic groups of the fuels were decomposed more extensively at higher T py,1 . It is also seen that the CO yield from the mallee char-1 is clearly higher than those for the other fuels. It was believed that the mallee char-1 retained more oxygen-containing functionalities than the others at the equivalent T py,1 .
It is also noted for the all feedstock that H 2 yields from the char-1's are nearly steady over the range of T py,1 of 450-650 °C. This trend is in contrast to that for the other hydrogen-containing gases, i.e., H 2 O and C 1 -C 2 hydrocarbons. It is believed that H 2 was formed mainly by condensation between aromatic rings 23,24 and their growth in the ring size. Aliphatic to aromatic carbon conversion is another possible reaction that can form H 2 . 25, 26 It is, however, unlikely that such a reaction contributed largely to H 2 formation, because it contradicted with decreasing yields of C 1 -C 2 hydrocarbons with T py,1 . Reaction between the carbonaceous char matrix with in-situ generated H 2 O, i.e., self-gasification of char with steam, could also take place, but decreasing H 2 O yield and unchanged H 2 yield from the second pyrol- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ysis were not consistent with each other. It is thus implausible that such self-gasification was an important contributor to the H 2 formation.
The nearly steady yield of H 2 over T py,1 of 450-650 °C strongly suggested that the amount of peripheral aromatic carbon bonded to H per mass of char-1 was maintained over this temperature range. In other words, condensation between aromatic rings occurred to a very limited degree. Such little progress of condensation of aromatic rings at T py,1 = 450-650 °C implied preservation of aromatic ring systems (ARS's) in size, which were precursors of aromatic compounds, and then their steady emission during the second pyrolysis. However, such an implication was not the case. The emission decreased with increasing T py,1 , as demonstrated in the next section. Figure 6 presents the yields of aromatic compounds from the second pyrolysis of char-1 samples. Table 5 lists the yields of benzene for reference. Benzene was the most abundant aromatic compound except a condition: pine char-1; T py,1 = 700 °C. For investigating the emission of aromatics during the second pyrolysis, T py,1 was extended to 700 °C for the char-1's from the biomass and 750 °C for the lignite char-1. Figure 6 shows that both yields of the mono-aromatic hydrocarbons (BTXES) and the other aromatics (tar) are 10 -3 to 10 -1 wt%-char-1 regardless of the original feedstock and T py,1 . It is also seen that these yields decrease monotonously with T py,1 . The yields decrease by two orders of magnitudes with T py,1 increasing from 450 to 700 °C for the biomass or 500 to 750 °C for the lignite. Such decrease was attributed to three different chemical events, which occurred simultaneously during the first pyrolysis, namely, (1) decreased concentration of "breakable" linkages between ARS's during the second pyrolysis, (2) increased concentration of linkages between ARS's, and (3) decreased concentration of H that was available in stabilization of radicals formed during the second pyrolysis. Progress of the first pyrolysis by raising T py,1 decreases the concentration of residual "breakable" bonds between ARS's, which are mandatory for their release as aromatic compounds into the gas phase. In general, increase in the concentration of inter-ARS linkages 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 makes the release of aromatics from the char matrix as a macromolecular network more difficult. The release of an aromatic ring system (as an aromatic compound) from the char needs not only breakage of one or more inter-ARS linkages but also subsequent stabilization of radicals formed at ARS, and therefore, requires H, or otherwise, small species such as ·CH 3 radicals available for capping the radicals. As mentioned in the previous section, condensation between ARS's (i.e., between aromatic C-H's) forming H 2 were insignificant at T py,1 of 450-600 °C. It was hence believed that the formation of inter-ARS linkages was rather caused by decomposition of functional groups such as -CH 3 and -OH groups bonded to aromatic carbon. [25] [26] [27] The Progress of decomposition of functional groups was consistent with a trend seen in Figure 5 , i.e., monotonous decrease in the CO, CO 2 , H 2 O and CH 4 yields by the second pyrolysis. The loss of -OH is also suggested by decrease in the yield of phenols ( Figure 6 (c)) with T py,1 , which is steeper than those of BTXES and tar. Loss of functional groups as light gas precursors would be associated with that of the available H, of which candidate would be H bonded to aliphatic carbon and hydroxylic H. As shown in Table 1 , atomic H/C ratios of the char-1's decrease from 0.64 to 0.40, 0.62 to 0.40, 0.53 to 0.36 for the cedar, pine and mallee, respectively, with increasing T py,1 from 450 to 600 °C. The loss of H by increasing T py,1 would involve that of the available H, while that of H bonded to aromatic carbon was insignificant. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The BTXES and tar yields from the biomass char-1's were in the range of 3·10 -3 -8·10 -2 wt%-char-1 at T py,1 of 450-600 °C, and these were compared with yields of H 2 , which were around 1.2 wt%-char-1 (see Figure 5 ). Under a reasonable assumption that H 2 was formed exclusively from H bonded to aromatic carbon, the corresponding amount of which was estimated to be as much as 14 wt%-char-1 according to a simple calculation as 1.2 × 12.01/1.008 = 14 (12.01 and 1.008 are the atomic masses of C and H, respectively). Compared with this amount, the total amount of BTXES and tar, in the range of 3·10 -3 -8·10 -2 wt%-char-1, was negligibly small. Then, it is said that an extremely small portion of the aromatic C-H was allowed to escape from the char-1, and the portion decreased with T py,1 from 450 to 600 °C due to the chemical events as mentioned above. Thus, the abundance of aromatic C-H was not necessarily a measure for the amount of the tar precursors in the char-1. The maintenance of abundance of aromatic C-H, which is shown in Figure 5 , was not a measure for the emission of BTXES and tar.
Emission of Aromatics during the Second Pyrolysis.
The total tar yields from the biomass char-1 samples were as low as 8·10 -4 to 4·10 -3 wt%-char-1 with T py,1 = 700 °C, but it was also difficult to fully eliminate the tar precursors by the first pyrolysis. The pyrolysis of biomass for producing bio-oil is normally operated at temperature at 500-550 °C so that the bio-oil yield is maximized by minimizing its secondary cracking. [28] [29] [30] [31] The second pyrolysis of the char-1 samples with T py,1 = 500 °C and 550 °C formed tar with yields of 0.01-0.04 and 0.006-0.03 wt%-dry-char-1, respectively. If tar emission at such level is acceptable, production of char nearly free from tar and that of bio-oil are compatible with each other. Figure 7 shows the yields of aromatic hydrocarbons (AH) with number of double bonds (d.b.) ranging from 3 to 12 as a function of T py,1 . Typical or representative aromatic compounds of 3-12 d.b. are listed in Figure 8 . It is clearly seen that the yield largely depends on d.b. For the char-1's from the pine and lignite, the 12 d.b. AH yield was smaller by 5-6 orders of magnitude than the 3 d.b. AH yield. Such a ratio could not be calculated for the char-1's from the mallee and cedar because no AH with 9-12 d.b. and 10-12 d.b. were 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 not detected in the tars from the mallee/cedar char-1's regardless of T py,1 . For the mallee char-1, the 8 d.b. to 3 d.b. ratio in the AH yield was around 1·10 -3 . The 9 d.b. to 3 d.b. ratio for the char-1 from the cedar was in a range of 4·10 -6 -8·10 -5 . Thus, the d.b., in other words, the size/shape of ARS's, remarkably influenced their release from the char-1 during the second pyrolysis. This trend would be arisen from that greater ARS's had more linkages to others in a statistic sense. For example, the number of peripheral aromatic carbon of the 3 d.b. ARS's is 6, while that of 12 d.b. ARSs is 12. Release of an ARS would become much more difficult even if the number of linkages increased by one. Much more abundance of smaller ARS's than greater ones was another idea to explain the significant influence of These trends may be explained by difference in the distribution of ARS in size among the char-1's from the pine, cedar and mallee, although the average size of ARS seemed to be similar to one another according to very similar H/C ratios of the char-1's. The normalized AH yields for the pine are similar to those for the lignite over the range from 3-12 d.b. The compositions of ARS's in these original fuels 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 are largely different, but nonetheless, the char-1's resulting from the first pyrolysis had similar compositions of ARS's as precursors of aromatics. Figure 10 shows the yields of 5, 6, 7 and 8 d.b. AH's, which have been normalized by that of 3 d.b.
Emission of Aromatic Hydrocarbons during the Second Pyrolysis.
AH's, i.e., BTX and ethylbenzene. It is seen for the cedar, mallee and pine that changes in the normalized AH yields are insignificant at T py,1 of 450-600 °C, but their increases are significant at 600-700 °C. Maintenance of the relative yields of 5, 6, 7 and 8 d.b. AH's at T py,1 = 450-600 °C was consistent with little progress of condensation of ARS's loosing aromatic C-H's at T py,1 = 450-600 °C during the first pyrolysis. On the other hand, the increases in the relative yields at would be due to the progress of such condensation at T py,1 = 600-700 °C, which caused growth of ARS's in size, at least transformation of mono-aromatic ring systems to greater ARS's. It is also noted in Figure 10 that the extent of increase in the relative yield at T py,1 = 600-700 °C depends both on the d.b. and the original fuel. These dependency would be attributed to the size distribution of ARS's of the char-1's of the fuels, although it is impossible to consider such a variety of the dependency on a quantitative basis.
Emission of Alkylated and Oxygen-containing Aromatic Compounds during the Second
Pyrolysis. Figure 11 presents the mass-based share of alkyl-substituted AH's in 3, 5, 7 and 8 db AH's.
As expected from monotonous decrease with T py,1 of the yields of C 1 -C 2 hydrocarbon gases from the second pyrolysis ( Figure 5) , the alkylated AH's became less abundant compared with non-substituted ones as T py,1 increased. However, for 3 d.b. and 7 d.b. AH's, the share of alkylated (exactly, mono-or poly-methylated) AH's seems to reach a bottom and/or even increase at T py,1 = 650-750 °C. It is difficult to explain these trends, but there could be a possibility of that relatively strong inter-ARS's linkages such as Ar-CH 2 -Ar'were broken to newly form methyl groups such as Ar-CH 3 or Ar'-CH 3 at T py,1 > 600 °C during the first pyrolysis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In Figure 12 , the share of oxygen-containing aromatics in the aromatics with 3, 4, 5 and 6 d.b. is plotted against T py,1 . For the 3 d.b. and 5 d.b. aromatic compounds, the oxygen-containing ones are phenols and naphthols, respectively, while those for the 4 d.b. and 6 d.b. aromatics are benzofurans and dibenzofuran, respectively. The abundances of oxygen-containing 3 d.b. and 4 d.b. aromatics decreases with T py,1 up to 650 °C, but increases at higher temperature. The increases for the 3 d.b. and 4 d.b. aromatics could be due to formation of aromatic hydroxyls (by decomposition of aromatic ethers) and that of a furanic structure, respectively. However, another possibility, that is, formation of oxygen-containing groups by air oxidation of char-1 during its storage between the first and second pyrolyses. The relatively stable share of dibenzofurans in the 6 d.b. aromatics suggests their thermal stability as high as 6 d.b. AH's.
CONCLUSIONS
The following conclusions have been drawn from results within the range of the present experimental conditions.
(1) The pyrolysis of all selected feedstock at T py,1 = 450-600 °C produces chars with total volatile matter contents of 10-30 wt% and residual tar contents less than 10 -1 wt%.
(2) The pyrolysis with T py,1 = 600 °C produces chars with residual tar contents of about 10 -2 wt% or lower.
(3) The char from the pyrolysis with T py,1 = 450-700 °C releases aromatic compounds with 3 to 12 d.b., the emission of which ranges from 4·10 -8 to 8·10 -2 wt%.
(4) Increasing T py,1 decreases the emission of tar, but T py,1 higher than 700 °C is needed to decrease the tar emission below 10 -3 wt%. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 (5) The ring size distribution of aromatic compounds released from the char is maintained if it has been prepared by pyrolysis at T py,1 = 450-600 °C, but the distribution shifts toward greater size at higher T py,1 .
In addition to its importance to development of tar-free biomass fuel for advanced power generation systems, this study also offers insights that are relevant to use of biochar in soil amendment and carbon storage, and these aspects will be investigated in subsequent studies.
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